Cardinium (Flexibacteriaceae, Class Sphingobacteria, Phylum Bacteroidetes) is a bacterial endosymbiont that was Þrst found in cell cultures established from the tick Ixodes scapularis Say (Kurtti et al. 1996) . Compared with Wolbachia bacteria, which have been known to manipulate arthropod reproduction since 1970s (Werren et al. 2008) , Cardinium bacteria are relatively new to biological study. Cardinium has been detected in Hymenoptera (Hunter et al. 2003 , Matalon et al. 2007 , Weeks et al. 2003 , ZchoriÐFein et al. 2001 , ZchoriÐFein and Perlman 2004 , Hemiptera (Weeks et al. 2003 , ZchoriÐFein et al. 2004 , Bigliardi et al. 2006 , Perlman et al. 2006 , Acari (Enigl and Schausberger 2007 , Gotoh et al. 2007 , Groot and Breeuwer 2006 , Hoy et al. 2008 , Weeks et al. 2001 , and Areneae (Duron et al. 2008) . Cardinium was found in Þve of Þve species (100%) of spider mites (Gotoh et al. 2007) , and in 9 of 22 species (22%) of spider mites, in 4 of 25 species (16%) of biting midges Culicoides (Diptera: Ceratopogonidae) and in 27 of 57 species (47.4%) of planthoppers (Nakamura et al. 2009 , Zhang et al. 2012a .
Cardinium can induce a number of reproductive manipulations in arthropods similar to those induced by Wolbachia to optimize its transmission. Cardinium can induce parthenogenesis in scale insects (Provencher et al. 2005) and Encarsia hispida, and feminization in Brevipalpus phoenicis (Weeks et al. 2001 , Groot et al. 2006 . Cardinium can also induce cytoplasmic incompatibility (CI). CI is the most common effect associated with endosymbiont infection (Stouthamer et al. 1999 , OÕNeill et al. 1997 , and has been observed in crosses between infected males and either uninfected females (unidirectional CI) or females infected by a different strain (bidirectional CI). Cardinium-induced CI has been found in the spider mite Eotetranychus suginamensis (Gotoh et al. 2007) , the red poultry mite Dermanyssus gallinae (De Luna et al. 2009 ), the parasitoid wasp Encarsia pergandiella (Hunter et al. 2003) , and the sexual spider mite Bryobia sarothamni (Ros and Breeuwer 2009 ).
The whitebacked planthopper Sogatella furcifera (Horváth) (Hemiptera: Delphacidae) is a major rice pest in Asia. The nymphs and adults suck sap from rice plants, resulting in leaf yellowing, reduced tillering, stunting, unÞlled grains and hopperburn. S. furcifera has caused intermittent famines in eastern Asia after the so-called Green Revolution of the 1960s (Noda et al. 2008) . Particularly, S. furcifera is an important vector of the Southern rice black-streaked dwarf virus (SRBSDV). We previously showed that the infection frequency of Cardinium was high in Chinese populations of S. furcifera (Zhang et al. 2012b ). Here, we investigated the reproductive manipulations and Þt-ness costs and beneÞts by Cardinium in S. furcifera. We determined the phylogenetic relationships of the Cardinium strains found in two S. furcifera populations and measured their effects on CI, the female ratio, fecundity, survival, and development times under laboratory conditions. Preparation of a Singly Cardinium-Infected Strain. Single pairs of male and female adult planthoppers of a natural population were placed in plastic cups (120 mm in height and 80 mm in diameter) containing rice seedlings. The test pairs laid eggs in the rice seedlings and were removed from the cups after 2 wk. The females were checked for Wolbachia and Cardinium infection by polymerase chain reaction (PCR) ampliÞcation. The offspring from the singly Cardiniuminfected (Wolbachia-free) mothers were separately reared in plastic cups. For each group, pairs of males and females were bred as in the Þrst generation. Offspring from females that did not have the same infection status as their mothers were discarded. This selection regime was maintained for Þve successive generations until 100% Cardinium-infected populations were obtained.
PCR and Cloning. DNA was extracted from single planthopper according to the method of OÕNeill et al. (1992) . DNA was extracted by homogenizing a single individual in a 40 l mixture of STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, and pH 8.0) in a 1.5 ml Eppendorf tube and incubated with 2.5 l proteinase K (10 mg/ml, 2.5 l) at 37ЊC for 30 min, then heated at 95ЊC for 5 min. The samples were centrifuged brießy, then used at once for the PCR reactions or stored at Ϫ20Њ. PCR detection of Wolbachia was performed using primers wsp-81 F and wsp-691R (Braig et al. 1998 ). Thermal cycles were as follows: 95ЊC for 3 min; followed by 35 cycles of 95ЊC for 30 s, 55ЊC for 45 s, 72ЊC for 1 min, and 72ЊC for 5 min as a Þnal extension after the last cycle. PCR detection for Cardinium was performed using primers CLOf and CLOr (Weeks et al. 2003) . Thermal cycles were as follows: 94ЊC for 2 min, 35 cycles at 94ЊC for 30 s, 57ЊC for 30 s, 72ЊC for 30 s, and 72ЊC for 5 min as a Þnal extension after the last cycle. The sequences were determined for at least three clones having opposite orientations. The PCR products were cloned into a pEASY-T3 Cloning Vector (TransGen, Beijing, China), sequenced in both directions using the universal primer pairs M13, m13R. The sequence was determined by the Dye Terminator Sequencing method with a DNA Sequencer (model 377 and 3700, Applied Biosystems).
Cross Experiments. The effects of crosses: &U ϫ (U, &U ϫ (C, &C ϫ (U, &C ϫ (C. Singly Cardinium-infected planthopper on CI were determined ( Fig. 1 ). For each cross, nymphal planthoppers were individually reared in a test tube containing rice seedlings and checked daily for emergence (to ensure they were virgins). Upon emergence a female and a male were introduced into a test tube and allowed to lay eggs into the rice seedlings at 25Ð26ЊC for 2 wk and then removed from the tube. After another week, newly hatched nymphs by this time were counted, and the remaining deposited eggs in the seedlings were dissected to microscopically observe the development. Eye pigmentation (red in color) was examined as an indicator of egg development (Noda et al. 2001) . Emerging adult offspring (sons and daughters) were scored per cross to determine the sex ratio (the number of daughter offspring). Data were analyzed with one-way analysis of variance (ANOVA) and means were compared using a Tukey-honestly signiÞcant difference (HSD) test (SPSS 17.0) . To normalize the data, an arcsine square-root transformation was used for egg hatchability and sex ratio.
Fitness Effects. The Þtness costs and/or beneÞts of the different infection statuses (Cardinium-infected and uninfected) in S. furcifera were investigated by analyzing the fecundity and the developmental duration of females. The effects of different infection types on female fecundity were tested by comparing the number of eggs laid in 15 d by infected and uninfected females in crosses involving infected and uninfected males.
Development time was measured by placing Ϸ150 newly hatched nymphs into individual tubs containing rice seedlings. They were moved to fresh rice seedlings every 5 d until hatching. Hatching was checked daily. Data were analyzed with one-way ANOVA and means were compared using a Tukey-HSD test (SPSS 17.0). The number of eggs laid per female and the days of nymph stage were normalized by ln transformations.
Results

Sequences of Cardinium Strains and Phylogenetic
Analysis. We ampliÞed a 406 bp (bp) fragment of the 16S rDNA gene from Cardinium infecting S. furcifera. Nucleotide sequences of the 16S rDNA genes ampliÞed from the YN and GX populations showed little variation, with 99.5% similarity (two different nucleotides out of 406 nucleotides). The phylogenetic tree based on the 16S rDNA genes clearly indicated that the microorganisms in the planthoppers were Cardinium, forming a monophyletic group with other Cardinium. The Cardinium from the white-backed planthopper populations seemed to be closely related to the symbionts from Dicranotropis hamata in the phylogenetic tree (Fig. 1) . According to the analyses of 16S rDNA sequences of Cardinium infecting the GX and YN populations using Bioedit, we found that the sequence of the corresponding protein remains unchanged, and thus, the phenotypic differences are not expected. Therefore, we conclude that Cardinium infecting the GX and YN populations belong to the same strain.
Effects of Cardinium on Host Reproduction. The proportions of hatched eggs of intra-population crosses between infected and uninfected individuals of the YN and GX populations are shown in Fig. 2 . Egg hatchability was signiÞcantly lower in the incompatible crosses (U/C, (11.2 Ϯ 3.6) %) than in the compatible crosses (U/U, (91.6 Ϯ 7.1) %; C/U, (89.6 Ϯ 1.7) %; C/C, (91.6 Ϯ 7.1) %) in the GX population (P Ͻ 0.05). Similar results were found in the YN population (U/C, (8.6 Ϯ 7.9) %; U/U, (89.5 Ϯ 3.2) %; C/U, (87.7 Ϯ 1.6) %; C/C, (88.5 Ϯ 5.3) %).
SigniÞcant differences were found in the sex ratio of the four crosses in both the GX and YN populations. Male-biased sex ratio was observed in the cross between uninfected females and infected males ( Table  1 ), indicating that Cardinium induced high levels of CI in S. furcifera of YN and GX populations.
Effects of Cardinium on Development Time of Nymphs. In both GX and YN populations, Cardinium shortened the time to adulthood of infected females (Fig. 3) . In the GX population, the uninfected females took (17.7 Ϯ 0.9) days to reach adults. But the Cardinium-infected females took only (15.3 Ϯ 1.1) days to become adults. In the YN population, signiÞcant difference was found between the time to adulthood of uninfected females (18.0 Ϯ 1.0 d) and infected females (16.6 Ϯ 1.4 d). Obviously, infected females reached adulthood signiÞcantly earlier than uninfected females (P Ͻ 0.05; t-test) (Fig. 4) .
Effects of Cardinium on Host Fecundity. No difference in fecundity was observed between infected and uninfected females in either population (Fig. 4) . 
C, Cardinium-infected; U, uninfected; N, no. of replicates; NS, not signiÞcant. Outcomes of statistical analyses are listed for each group of crosses. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 (ANOVA). Values (mean Ϯ SE) in a column followed by different letters are signiÞ-cantly different at P Ͻ 0.05 (Tukey HSD test).
Discussion
According to phylogenetic analysis of the 16S rDNA sequences, the Cardinium from the white-backed planthopper populations seemed to be closely related to the symbionts from D. hamata in the phylogenetic tree. The 16S rDNA sequence of the Cardinium strain in the GX population had 99.5% similarity (two different nucleotides out of 406 nucleotides) to the sequence in the YN population.
Cardinium induced CI in both the GX and YN populations of S. furcifera. A reduction of egg hatchability was observed in the incompatible crosses caused by Cardinium infection. Interestingly, no signiÞcant difference was found in egg hatchability between GX and YN populations. However, the CI was not as strong as the CI induced by Cardinium in S. furcifera collected from Hainan Province (HN), the egg hatchability being only 3.1% in the HN population (Zhang et al. 2012b) . The strength of CI can be affected by host species, host age, mate frequency, temperature, and endosymbionts interaction. Various levels of CI can be expressed even in different populations of the same species or in the different individuals in the same population (Gotoh et al. 2007 ). Phylogenetic analysis of the 16S rDNA sequences reveals that S. furcifera of the GX, YN, and HN populations were infected by the same strain of Cardinium because we found that the sequence of the corresponding protein remains the same by analyzing the 16S rDNA sequences using Bioedit. Therefore, we infer that the different levels of CI in the three S. furcifera populations result from different genetic backgrounds. From March to July of each year, the S. furcifera of Guangxi and Yunnan migrate from the Greater Mekong Subregion, such as Thailand and Vietnam by the southwest winds. However, the S. furcifera in Hainan are native. There are no migrating white-backed planthoppers in the area (Liu et al. 2010) . Furthermore, endosymbiont effects on its host evolve readily in natural populations (Weeks et al. 2007) . Such rapid evolution also helps to explain the diversity of Cardinium effects on Þtness of different S. furcifera populations. Further studies are needed to determine the factors that affect the levels of CI between GX, YN, and HN populations.
The incompatible crosses produced progeny with a male-biased sex ratio, whereas the compatible crosses produced progeny with a balanced sex ratio. The reduced number of daughters was mainly the result of the death of female eggs, which has also been reported in spider mites (Gotoh et al. 2007) . This is concordant with the female mortality type of CI induced by another endosymbiont, Wolbachia (Ros and Breeuwer 2009 , Breeuwer 1997 , Vavre et al. 2000 , Bordenstein et al. 2003 , Mouton et al. 2005 . In haplodiploid species, female mortality is the only CI type found for Cardinium so far (Hunter et al. 2003 , Gotoh et al. 2007 . S. furcifera is the Þrst dipoid species have the reduced female offspring because of CI. However, similarity of CI types between S. furcifera and haplodiploid species does not mean that their mechanisms are identical. Although CI mechanisms of Cardinium in S. furcifera are still unclear, this new CI type in dipoid species enlarges the diversity of the effects of Cardinium on its host and allows the study of the evolutionary history of the strategies used by Cardinium. Overall, many more examples of CI in diploid species are needed to understand the evolution of interaction between endosymbionts and their hosts.
Besides having strong CI effects, Cardinium also affected the Þtness of the S. furcifera populations. Endosymbionts have different effects on the development time of hosts. For example, Wolbachia shortened the development time of Tetranychus urticae Koch in Liaoning Province, but prolonged the development time of T. urticae in Jiangsu and Hunan Provinces (Xie et al. 2011) . The virulent wDm popcorn Wolbachia strain in D. melanogaster can delay the development time of the host (Reynolds et al. 2003) . However, in the stored-product pest Liposcelis bostrychophila, the development time of a Cardinium-free strain was similar to that of a Cardinium-infected strain (Wang et al. 2008) . Cardinium in both YN and GX S. furcifera populations shortened the development time of infected females. Similarly, Cardinium shortened the development time of nymphs of S. furcifera of the HN population (Zhang et al. 2012b) . Because infected females reach adulthood signiÞcantly earlier than uninfected females, the development advantage provided by Cardinium infection should facilitate its invasion into natural Þeld populations and its persistence over time. Cardinium increased in fecundity of the predatory mite, Metaseiulus occidentalis (Weeks and Stouthamer 2004), although it had no effect on the fecundity of S. furcifera. Interestingly, crosses of females with uninfected males showed that Cardinium infection did not affect male fertility.
S. furcifera is an important vector of the SRBSDV (Cao et al. 2011) . Several strategies for disease or pest control management have now been proposed, most of which take advantage of Wolbachia virulent strains or the induction of cytoplasmic incompatibility (Bourtzis et al. 2008) . Desired genotypes or transgenes related to a Wolbachia infection would be expected to spread into a targeted population following the seeding of the targeted population with Wolbachia-infected females. The reproductive phenotypes caused by infection with Cardinium are surprisingly similar to those induced by Wolbachia. We suggest that Cardinium has the potential to be used directly or as a gene-driving system to prevent S. furcifera from transmitting SRBSDV. Further studies are needed to determine whether the transmission of SRBSDV by S. furcifera is related to Cardinium infection.
